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Thermal Tolerance in Tropical versus Subtropical Pacific Reef Corals I
STEPHEN L. COLES,2 PAUL L. JOKIEL,3 AND CLARK R. LEWIS4
ABST RACT : Upper lethal temperature toleranc es of reef corals in H awaii and at
Enewetak, Marshall Islands, were determined in the field and under controlled
laboratory conditions. Enewetak corals survived in situ temp eratures of nearl y
34° C, whereas 32° C was leth al to Hawaiian corals for similar short-term exposures.
Laboratory determinations indicate that the upper thermal limits of Hawaiian corals
are approximately 2° C less than congeners from the tropical Pacific. Differences in
coral thermal tolerances correspond to differences in the ambient temperature
patterns between geographic areas.
REEF CORALS are generally considered to be
sten othermic (Mayer 1914, Vaughan and Wells
1943, Wells 1957), with relatively fixed upper
and lower lethal temperature limits (Mayer
1918). Yet some corals have been reported to
survive temperature extremes in nature well be-
yond the limits established by classical experi-
ments (Gardiner 1903, Wood-Jones 1910,
Yonge and Nicholls 1931, Orr and Moorhouse
1933, Motoda 1940, Kinsman 1964, MacIntyre
and Pilkey 1969). Sufficient data exist (Mayer
1918; Edmondson 1928; Jokiel et al., in pr ess)
to suggest geographi c differences in coral ther-
mal tolerance, although preliminary studies,
both classical (Mayer 1918) and recent (Jones
and Randall 1973), have not confirmed this
po ssibility. Unfortunately, comparison of ex-
isting data is difficult because of incomplete
information concerning th e temp erature en-
vironments of corals under natural conditions
and because of differences in experimental
techniques applied by different researchers.
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The purpose of the present investigation was
twofold : to measure the intensity and duration
of maximum natural temperature elevations
among living corals on tropical and subtropical
reefs, and to compare upper thermal limits of
tropical and subtropical corals under identical
experim ental conditions.
METHODS
Studies were conducted at Enewetak (E ni-
wetok) Atoll, Marshall Islands , and Kaneohe
Bay, Oahu, Hawaii. Seven stations were estab-
lished at Enewetak among living corals in the
shallow waters off Igurin (Glenn) Island. Four
of these stations were located on the leeward
ocean reef flat, and the remaining th ree on the
lagoon side of the island. Continu ousl y re-
cording thermographs and maximum-mini-
mum thermometers recorded temperature
among the corals at each station between 29
August and 3 September 1974. Mortality and
conditio n of corals at each station were ob-
served and compared with temperature cond i-
tions that had occurred during the observation
period.
Upper lethal temperatures of E newetak and
Hawaiian corals were experimentally deter-
mined in 16-liter plastic aquaria flushed with
continuous flows of temperature-regulated sea-
water. Temperatures were maintained with
quartz-glass resistance heaters regul ated by
proportional controllers and by adjustments of
the flow rates. Temperature in each aquaria
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was monitored continuously with a scanning
thermistor tele-thermometer and recorder. Res-
idence time of water within the containers was
very short (4-8 minutes), dissolved oxygen
was maintained at near saturation by constant
aeration, and a natural daylight regime was
used. Therefore, detrimental effect of factors
other than heat stress were minimized. The
same apparatus and procedures were used in
experiments conducted by the same investiga-
tors within a few weeks of each other at the
two locations, thereby reducing any chance of
differences between Enewetak and Hawaiian
results due to experimental procedure.
Two thermal stress experiments were con-
ducted at each location. In the first, corals were
collected and allowed to acclimate overnight at
ambient temperature in the aquaria. Tempera-
tures were then raised at a rate of 2° Cfhr until
desired test temperatures were reached. The
specified temperatures were then held to the
end of the experiment. In the second experi-
ment, corals were collected and acclimated as
before. The temperature was then raised to 34°
C within 10-20 minutes, held for 3 hours, and
then lowered again to ambient. At Enewetak,
this stress cycle was repeated six times, with
6-hour ambient holding periods intervening
between cycles. In Hawaii, extensive damage
to the corals occurred on the first cycle, so
only two 34° C cycles were imposed, separated
by 14 hours at ambient.
RESULTS AND DISCUSSION
Monthly mean seawater temperatures at
Enewetak are 2°_5° C higher than Hawaii
throughout the year (Figure 1). This study was
conducted in late summer, when ambient
temperatures at both locations were maximal.
Tidal range at Enewetak was high during the
period of field measurements, with low tide
occurring near midday. These factors, together
with calm, sunny weather, produced extreme
temperature elevations on the shallow reef
flats. Enewetak ambient open-ocean water
temperature at the time of the survey was ap-
proximately 29.5° C.
The reef flat coral fauna and zonation were
very similar to those reported for Bikini Atoll
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(Wells 1954). Acropora (A. delicatula and A.
palmerae) was dominant, and Pocillopora, as
well as microatolls of Porites, were common.
Lcptastrea, Millepora, and Heliopora were also
present. Pocillopora, Porites, and Millepora were
found at the three lagoon stations, but Acropora
was conspicuously absent.
At the most shoreward reef-flat station, which
represented the boundary of coral growth,
water circulation was cut off during midday
low tides. The temperature here exceeded 34° C
for 1-2 hours at low tide, killing many corals.
Inside of this station, where no corals occurred,
temperatures above 36° C were measured. At
the other ocean reef-flat stations, the tempera-
ture generally held at 31°-32° C for a several
hour period at low tide, with occasional short-
term increases to as much as 34°C. Minimum
water temperature reached 27° C during peri-
ods of low tide at night. Minimum and maxi-
mum temperature extremes measured during
this study were as much as 2° C greater than
those measured previously by Wells (1951) in
equivalent zones during the month of June at
Arno Atoll, Marshall Islands, and variation
was also greater. On one occasion a midday
storm decreased the temperature to a low of
25.5° C which, after the storm, rose to 32°
within 1 hour.
The death of coral along the inner margin of
the coral zone on the reef flat suggests that we
observed near-lethal natural conditions of
temperature on the reef. Because most of the
corals that died were not exposed to air at low
tide, we attributed their death to prolonged
exposure at 34°C. Also, much of the coral on
the ocean reef that was subjected to brief
exposures to 34° Clost zooxanthellar pigment,
indicating severe thermal stress (Yonge and
Nicholls 1931, Jokiel and Coles 1974). Bran-
ches of Acropora that extended above the mini-
mum low tide level were probably damaged
more by dessication (Mayer 1918, Edmondson
1928) than by high temperature. The air tem-
perature during midday low tide was substanti-
ally lower (28.5° C) than the water temperature
(32° C).
Temperature variations on the lagoon reefs,
which did not uncover at low tide, were more
moderate, but longer periods of temperature
elevation occurred. At one lagoon station a
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FIG UR E 1. Monthly mean surface wate r temperatu res for Kaneohe Bay, Oahu, and E newetak Ato ll, Marshall
Island s (U.S. Coast and Geodetic Survey 1965). Upper and lower limits represent monthly mean maxima and minima.
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temperature of 32° C held for nearly 6 hours on
31 August. On other days, temperatures ranged
to 30°_31° C during midday maxima for up to
8 hours. No damage to corals occurred at the
lagoon stations.
Similar in situ thermograph studies on a
Hawaiian reef subjected to thermal enrichment
from a power generating station (Jokiel and
Coles 1974, Coles 1975) have shown that pro-
longed exposure to temperatures above 30° C
is sublethal to common Hawaiian corals and
that temperatures above 32° C are lethal. In
contrast, such extremes were tolerated by simi-
lar Enewetak species. In Hawaii, the highest
natural water temperature that we have mea-
sured over several summers among living cor-
als on the shallow and protected Coconut
Island reef flat of Kaneohe Bay was approxi-
mately 30° C during clear, calm summer per-
iods of midday spring low tides. Several hours
of exposure to this temperature did not kill
corals. On two occasions, Maragos (1972) ob-
served temperatures of 32° C on the shallow
Kaneohe Bay barrier reef that appeared to be
lethal to Hawaiian corals (Fungia scutaria and
Pocillopora meandrina). Exposures to naturally
occurring temperatures of 32° C did not harm
corals at Enewetak. .
Because other deterimental factors (low
dissolved oxygen, altered salinity, etc.) often
co-occur with high natural temperatures in the
field, the insitu observations are not conclusive,
this fact necessitating use of controlled labora-
tory experiments.
Results (Table 1) verify that Enewetak corals
can withstand substantially higher absolute
temperatures than can their Hawaiian con-
geners. A mean temperature of 32.4° C killed
most Hawaiian species tested, with 31.3° C
being clearly detrimental, producing substantial
loss of zooxanthellae and some tissue damage
and coral mortality. The same temperatures at
Enewetak for similar exposure periods pro-
duced little or no damage. Corals at 31.6° C
remained pigmented and were often observed
to have expanded polyps. Slight damage was
noted at 32.7° C, suggesting that this tempera-
ture approaches a critical value. Mortality was
nearly complete at 35° C, although one Porites
lutea survived this treatment.
Results from the thermal shock experiment
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showed an even greater difference in the abili ty
of corals from the two areas to withstand ther-
mal stress. At Enewetak, all species tested sur-
vived six cycles of 34° C exposure. Pocillopora
elegans and Acroporaformosa showed slight tis-
sue damage by the end of the experiment, while
Porites lutea and Acropora hyacinthes were un-
damaged. By contrast, one cycle to 34° C in
Hawaii killed P. meandrina and damaged Pocillo-
pora damicornis, Porites lobata, and Montipora
uerrucosa. A second cycle killed one to two speci-
mens of each of these species. Fungia scutaria
was moderately affected, with one specimen
losing pigmentation.
These results indicate that in both subtropi-
cal and tropical environments large populations
of corals are exposed to temperatures precari-
ously close (within 1° to 2° C) to their upper
lethal limit during the summer months. High
temperature alone can account for the exclu-
sion of corals from some shallow inshore areas.
Mean summer ambient water temperature at
Enewetak is approximately 2° C higher tha n
it is in Hawaii (Figure 1), and a corresponding
difference of about 2° C was observed between
the two locations for upper lethal temperature,
upper sublethal temperature, and maximum
reef flat temperature among living corals. At
both locations, increases of +2° C above
annual maxima appear to produce sublethal
effects, while an increase of +4 to +5° C is
lethal to most coral species.
The primary purpose of this research was to
reexamine Mayer's (1918) conclusion that sub-
tropical species of corals do not differ from
tropical species in upper thermal tolerance.
Mayer did not base his conclusion on data
from the same species. Therefore, for purposes
of this study it was important to use common,
shallow-water species which occurred where
in situ temperature data were taken at each loca-
tion, even though different species were present
at the two locations. It is possible, however, for
one to evaluate the species effect using our
data along with data taken from the classical
literature. Upper lethal limits for the widely
distributed coral Pocillopora are available from
a number of geographic localities. The taxon-
omy of this genus is confused, and it has been
suggested that Pocillopora damicornis, danae,
oerrucosa, meandrina, elegans, breuicornis, lobilifera,
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TABLE 1
SURVIVAL OF CORAL SPECIMENS TO TEMPERATURE ELEVATIONS AT ENEWETAK AND HAWAII
ENEWETAK
Temperature (0C)* 29.1 31.6 32.7 35.6
Exposure Time (hrs) 96 93 60 '; 10
Condition] N I D N I D N I D N I D
Pocillop ora elegans 3 3 2 1 3
Acropora ~yacinthes 2 1 2 1 2 1 3
Acroporaformosa 3 1 2 1 1
Porites baea 1 1 3 3 1 1
Fungia scutaria 1 1 1 1 1
Totals 10 2 0 10 1 0 10 4 0 0 1 9
HAWAII
Temperature (0C)* 27.1 31.3 32.4
Exposure Time (hrs) 96 95 50
Condition] N I D N I D N I D
Pocillop ora meandrina 3 1 2 3
Pocillopora damicornis 3 1 2 1 2
Montipora uerrteosa 3 3 3
Porites lobata 3 3 3
Fungia scataria 3 3 2 1
Totals 15 0 0 4 9 2 0 3 12
NOTE : Numbers in body of table represent individual colonies .
* Standard errors of mean temperatures are less than 0.1° C based on hourly samplings .
t N, normal pigmentation and good condition; I, intermediate condition with loss of pig-
mentation and/or tissue; D, death .
and others probably are part of a continuous
series that might represent a single species
(Vaughan 1907: 100; 1918: 78; Crossland 1952:
109). Figure 2 shows all available data on the
upper temperature tolerance of three species
of Pocillopora from Hawaii and from tropical
areas in the Pacific Ocean. Survival time for
both Hawaiian and tropical Pocillopora shows a
highly significant (P < 0.01) decreasing ex-
ponential relationship with temperature. An-
a lysis of covariance indicates no significant
difference between the slopes of the two re-
gression lines (P < 0.50; F = 0.039, df = 1,
12) but a hig hly significant (P < 0.01; F =
58.97, df = 1, 13) difference between their ele-
I I
vations. The 2° difference in temperatu re toler-
ance between Hawaiian and tropical corals in-
dicated by the present study is substantiated
throughout the temperature range for these
combined data.
This analysis indicates that the natural
temperature environment at a geographic loca-
tion is far more imp ortant than taxonomic
distinctions based on minor structura l differ-
ences in determining coral temperature toler-
ance. Although Pocillopora damicornis appears
to be slightly more tolerant of elevated tem-
peratures than are P. meandrina in Hawaii or
P. elegans in the tropics, it does follow the
same temperature-survival time relationship.
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FIGURE 2. Semilogarithmic plot of temperature versus survival time, in hours, for Hawaiian and tropical Pacific
Pocillopora. The data have been taken from six sources , as follows . 1. Edmondson 1928, Hawaii : solid circle, Poeil-
lopora meandrina; solid hexagram, P. cespitosa (sny. P. damicornis). 2. Mayer 1918, Great Barrier Reef, Australia : open
triangle, P . bulbosa (sny. P . damicornis). 3. Mayor 1924, American Samoa: open diamond, P. damicornis. 4. Jones
and Randall 1973, Guam : open circle, P. damicornis, 5. JokieI et aI., in press, Hawaii : solid diamond, P. damicornis,
6. Present study: Enewetak, open square, P. elegans; Hawaii, solid triangle , P . damicornis; Hawaii, solid square,
P . meandrina,
The regression calculated for Hawaiian Pocillopora excludes the Edmondson (1928) data at 32° C. Edmondson's
experiments were conducted inclosed containers in which accumulated toxic metabolites probably biased experi-
ments lasting 1 or more hours. Such artifacts were eliminated by use of an open system in the present and other
recent studies (JokieI et al., in press).
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Tropical P. damicornis is clearly more thermally
tolerant than is its subtropical Hawaiian
counterpart.
These results contradict the classical concept
(Mayer 1918) that a fixed physiological bound-
ary determines coral upper lethal temperature
limits, and that corals from different geographic
locations subjected to different temperature re-
gimes have the same upper thermal limit.
Studies on the effect of temperature on calcifi-
cation (Clausen 1972) and carbon fixation
(Coles 1973) in the same species of Enewetak
and Hawaiian corals have shown physiological
differences in corals from the two regions.
These studies provide insight into possible
mechanisms responsible for the observed differ-
ences in lethal limit.
It may be assumed that the predecessors of
Hawaiian corals, being derived from the
tropical Indo-Pacific fauna (Ekman 1953),
were originally resistant to high temperature
stress . However, water temperatures in Hawaii
seldom naturally exceed 300, but do undergo
larger annual fluctuations at a lower tempera-
ture range than in the tropics. The process
which has enabled establishment of reef corals
in Hawaiian waters has apparently reduced the
capability of many species to withstand tem-
peratures above 30° C. It remains to be demon-
strated whether the observed differences in
thermal tolerance at the two locations resu lt
from selective processes acting on many gen-
erations, or whether temperature resistance in
corals can be changed by physiologica l accli-
matization to gradual increases in temperature
over long time periods.
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